ABSTRACT The present trial was conducted to study some morphological, digestive, and electrophysiological variables of the small intestine during chronic exposure of broilers to aflatoxin B 1 (AFB 1 ). Ross 308 male chicks (7 d old) were randomly allotted to control (no AFB 1 ), low AFB 1 (0.07 mg of AFB 1 /kg), or high AFB 1 (0.75 mg of AFB 1 /kg) diet. The high AFB 1 diet resulted in reduced (P ≤ 0.002) bird performance during the first 4 wk of exposure, whereas the low AFB 1 diet temporarily reduced (P = 0.034) the bird performance during wk 3 of exposure. During wk 4 of exposure, a linear (P ≤ 0.013) decrease in the unit weight of both the duodenum and jejunum was observed with increasing levels of AFB 1 . This reduction in unit weight appeared to
INTRODUCTION
Aflatoxin (AF) B 1 , a secondary metabolite of various Aspergillus spp., commonly contaminates a wide variety of tropical and subtropical feed stuffs. This mycotoxin is known to have strong hepatotoxic effects and is regulated by feed and food laws in at least 100 countries (Van Egmond and Jonker, 2004) . To date, much work has been done to explore the negative effects of AFB 1 on bird performance and immunological variables (Devegowda and Murthy, 2005) . In recent years, however, the effects of AFB 1 on weight gain in broilers have been debated as being biphasic in nature (hormesis); that is, nominal improvement at low pharmacological doses and statistical reduction at higher doses (Diaz et al., 2008) .
Contrary to the weight gain, certain variables regarding intestinal functionality and morphology have been reported to deteriorate and improve during chronic exposure to low and high levels of AFB 1 , respectively. In this regard, Kana et al. (2010) reported reduced unit weight of the small intestine, indicating reduced absorptive surface, at AFB 1 levels as low as 0.02 mg/kg of diet. However, Applegate et al. (2009) did not find any effect of higher dietary levels of AFB 1 on villus height but found a linear increase in crypt depth with increase in dietary levels of AFB 1 from 0.6 to 2.5 mg/kg. Similarly, the activity of Na + /K + -adenosine triphosphatase in small intestinal mucosa has been noted to be suppressed when broilers are exposed to 0.6 mg of AFB 1 / kg of diet (Chotinski et al., 1987) . However, uptake of methionine and glucose was noted to increase in the intestine of broilers fed 10 mg of AFB 1 /kg of diet (Ruff and Wyatt, 1976) .
The underlying cause of hormesis regarding effects of AFB 1 on weight gain in broilers is not known. One hypothesis in this regard had been an indirect stimulation resulting from overcompensation to an initial disruption (Diaz et al., 2008) . As briefly presented in the preceding paragraph, the opposite effects of increasing levels of AFB 1 on intestinal variables compared with progress from the proximal (duodenum) to the distal (jejunum) small intestine with increase in the length of exposure and was not accompanied by modulation of electrophysiological variables in jejunal epithelium.
Response from amiloride, a specific blocker of epithelial sodium channel, was also similar among jejunal epithelia of birds under different treatments. Interestingly, a compensatory linear (P ≤ 0.002) increase in the length of the duodenum and jejunum under high AFB 1 diets was noted to occur during wk 4 of exposure. Thus, retention of DM and nitrogen was not negatively affected by the AFB 1 diets. These data indicate that the intestine in broilers may adapt to an ongoing dietary challenge to AFB 1 .
bird performance indicate that intestinal tissues may play an important role in adaptability of birds toward AFB 1 . The present study was therefore conducted to investigate the effects of low levels of AFB 1 on some physical, electrophysiological (EP), and digestive variables of the intestine in relation to bird performance during chronic exposure to the toxin. The EP variables of the jejunum, indicating active uptake of nutrients and activity of ion transporters, have been previously reported (Yunus et al., 2010) to be negatively affected during acute exposure to AFB 1 .
MATERIALS AND METHODS

Diets, Housing, Birds, and Slaughtering
Aflatoxin B 1 was produced by inoculating rice with Aspergillus flavus strain NRRL 3357 (provided by Gary Payne, Department of Plant Pathology, North Carolina State University, Raleigh). After 4 d of incubation, the toxin was extracted in crude form by using ethanol. This crude extract was mixed with commercial broiler starter or grower mash (Biomine GmbH, Herzogenburg, Austria) to produce the high AFB 1 diet (theoretical levels: 0.75 mg of AFB 1 /kg of diet). For production of the low AFB 1 diet, the high AFB 1 diet was diluted at the rate of 1:10 with basal diet. Toxin-contaminated feeds were prepared in small amounts sufficient for only 1 wk of feeding.
Ross 308 male chicks (7 d old), raised at our institute, were graded according to BW and then randomly allotted to 3 dietary treatments (25 chicks/treatment) with each treatment having 3 replicates. The 3 dietary treatments included control (no AFB 1 contamination), low AFB 1 (0.07 mg of AFB 1 /kg), and high AFB 1 (0.75 mg of AFB 1 /kg). The analyzed AFB 1 contents of the experimental diets are presented in Table 1 . Experimental feeds were offered twice daily to the birds from 8 to 42 d of age. Feed refusal was measured on a weekly basis and the refused feed was offered to the respective birds again. Live BW of birds was measured at weekly intervals. Birds were vaccinated at 1 d of age against infectious bronchitis and Marek's in the hatchery. At 10, 12, and 13 d of age, the birds were vaccinated against Newcastle disease, infectious bronchitis, and infectious bursal disease, respectively, via drinking water. Throughout the experiment, birds were raised in temperature-controlled batteries (length 82 cm, depth 78 cm, and height 35 cm) with free access to feed and water as approved by Austrian Federal Ministry of Science and Research (Vienna, Austria).
From 15 to 17 d of age (wk 2 of exposure) and from 29 to 31 d of age (wk 4 of exposure), 7 chicks/treatment were killed by using the standard method of stunning followed by puncturing the jugular vein. Killing each week was done in 7 sessions, with 3 birds (1 from each of the 3 treatments) killed in each session.
Intestinal Morphology
Upon killing of each bird during wk 2 and 4 of exposure, the weight (after removal of surrounding fat) and length of the duodenum, jejunum, and ileum were recorded. Duodenum was defined as the segment en- 3 ME (kcal/kg) = 37 × % CP + 81 × % ether extract + 35 × % N free extract (Pauzenga, 1985) . 4 Limit of detection for AFB 1 , AFB 2 , AFG 1 , and AFG 2 : 0.1, 0.1, 0.15, and 0.16 μg/kg, respectively. Limit of detection for nivalenol, T-2 toxin, HT-2 toxin, and ochratoxin: 0.18, 1.50, 5.00, and 0.5 μg/kg, respectively.
5 ND: not detected.
compassing duodenal loop and ileum was defined as the segment before the ileocecal junction equaling the length of the ceca. Jejunum was defined as the segment between the duodenum and ileum. The intestinal segments were weighed after removing intestinal contents by squeezing.
Intestinal Functionality
During wk 4 of exposure (32 to 35 d of age), retention of nutrients under the experimental treatments was determined. A total of 90% of the previously noted ad libitum intake was offered to each replicate for 4 d and the total feces output was collected. Fecal samples from each replicate were pooled and analyzed in duplicate per AOAC (1995) for proximate analysis.
After wk 4 of exposure (36 to 38 d of age), EP variables of the jejunum from 3 birds (each contributing tissues for 2 chambers) under each treatment were studied in Ussing chambers. Pieces (approximately 2 cm) from the midpoint between the end of duodenal loop and Meckel's diverticulum were used for mounting in Ussing chambers. For Ussing chambers and isolation of jejunal segments a modified Krebs-Ringer buffer (pH 7.4) was used [composition (mmol/L): NaCl, 120; KCl, 5.5; CaCl 2 , 1.2; MgCl 2 , 1.2; NaH 2 PO 4 , 0.4; Na 2 HPO 4 , 2.4; NaHCO 3 , 25; mannitol, 5; glutamine, 2; and glucose, 7]. For isolation and incubation of jejunal segments for short durations, buffer was aerated for 10 min with carbogen gas (95:5, CO 2 :O 2 ). After mounting the tissues, these were first incubated under open circuit conditions for 15 min and then were short circuited by clamping them to 0 mV. Amiloride, a specific blocker of epithelial sodium channel, was added at min 45 of incubation and the tissues were further incubated for 15 min. The EP variables including transmural potential difference (mV), short circuit current (μA/cm 2 ), and tissue resistance (Ohm/cm 2 ) were monitored throughout the Ussing chamber experiments.
Mycotoxin Analysis
For determining the AF contents, the feed samples were cleaned up by using immunoaffinity columns (Aflaclean, LCTech, Dorfen, Germany) according to the specifications of the manufacturer. The detection of AF contents was carried out using HPLC (LC-9A, Shimadzu, Kyoto, Japan) coupled with fluorescence detection (Waters 474, Waters, Milford, MA). For determination of ochratoxin A content, the feed samples were cleaned up by using Ochraprep columns (R-Biopharm, Glasgow, UK) and immunoaffinity columns (Vicam, Hamburg, Germany) according to the specifications of the manufacturer. The detection of ochratoxin A was carried out using HPLC-fluorescence detection (MerckHitachi LaChrom Elite, Merck, Darmstadt, Germany). The limits of detection for AFB 1 , AFB 2 , AFG 1 , AFG 2 , and ochratoxin A were 0.1, 0.1, 0.15, 0.16, and 0.5 μg/ kg, respectively. The limits of quantification for these mycotoxins were 0.44, 0.5, 0.52, 0.6, and 3.0 μg/kg, respectively.
Fusarium mycotoxins in diets were analyzed by using liquid chromatography-electrospray ionization tandem mass spectrometry according to the protocols described by Klötzel et al. (2005 Klötzel et al. ( , 2006 . The limits of detection for deoxynivalenol, nivalenol, 3-acetyl-deoxynivalenol, and zearalenone were 0.75, 0.18, 2.22, and 0.10 ng/g, respectively. The limits of quantification for these mycotoxins were 2.25, 0.56, 6.68, and 0.32 ng/g, respectively.
Data, Calculations, and Statistical Analysis
Results regarding bird performance are presented for only the first 4 wk of exposure because fewer animals were available afterward. The unit weight of each intestinal segment was calculated as weight (g) per unit length (cm). To exclude the effect of BW on size of intestinal segments, the length (cm) and unit weight (g/ cm) of these segments for each bird were transformed to relative length and relative unit weight, respectively, according to following formula: relative length or unit weight = (actual length or unit weight of intestinal segment/ actual BW of bird) × W.
Keeping in mind the recommended BW of Ross 308 broilers, the value of W (standard BW) in the equation was taken as 500 and 1,500 g for wk 2 and 4 of exposure, respectively. All data were analyzed by using ANOVA and LSD in SPSS version 17 (SPSS Inc., Chicago, IL).
RESULTS AND DISCUSSION
Bird Performance
The low AFB 1 diet resulted in a temporary decrease (P = 0.034) in weight gain during only wk 3 of exposure ( Table 2 ). The high AFB 1 diet, as reported previously by Devegowda and Murthy (2005) , resulted in lower (P ≤ 0.002) weekly weight gains throughout the first 4 wk of exposure. Both linear and quadratic effects of dietary AFB 1 levels were found regarding weekly weight gain of birds (Table 2) . From wk 2 to 4 of exposure, the increasing levels of dietary AFB 1 were found to decrease weekly weight gain predominantly in a linear (P ≤ 0.002) way.
The seemingly temporary effect of low AFB 1 diet on weight gain may indicate the possibility of adaptation to a chronic toxin exposure. To further investigate such a possibility, the individual data on birds available in wk 4 of exposure were analyzed for their performance in the first 3 wk of exposure. In this case, only the high AFB 1 diet resulted in lower (P ≤ 0.002) weekly weight gain during the initial 3 wk of exposure compared with both the control and low AFB 1 diets. This indicates that the loss of significance regarding weight gain under the low AFB 1 diet in wk 4 of exposure (Table 2 ) might be attributable to fewer observations during wk 4 of exposure. These data indicate that AFB 1 can reduce weight gain of broilers at dietary levels less than those previously reported (Dersjant-Li et al., 2003) . However, a contribution of lower protein content of the contaminated diets toward reduced performance of broilers in the present study cannot be ruled out.
Weekly feed consumption was reduced (P ≤ 0.033) under only the high AFB 1 diet during wk 2 of exposure and onward compared with the control diet (Table  3) . However, the increasing dietary level of AFB 1 was found to reduce weekly feed consumption predominantly in a linear (P ≤ 0.023) way from wk 2 of exposure onward. The overall feed consumption through the end of wk 4 of exposure was less under the high AFB 1 diet compared with the control (P = 0.001) and low AFB 1 (P = 0.006) diets. During wk 1 of exposure, when feed consumption was not affected, the feed conversion ratio (FCR) was 1.22 ± 0.03, 1.22 ± 0.02, and 1.40 ± 0.04 (mean ± SE) under the control, low AFB 1 , and high AFB 1 diets, respectively. The FCR under the high AFB 1 diet at this stage was statistically different (P ≤ 0.008) from the FCR under both the control and low AFB 1 diets. Furthermore, a linear relationship (P = 0.014) among dietary treatments regarding FCR during wk 1 of exposure was noted. However, as the feed consumption was reduced under the high AFB 1 diet during latter stages of exposure, no significant differences could be noted for FCR.
Intestinal Functionality and Morphology
During wk 2 of exposure, the unit weight of the duodenum tended to decrease whereas its length tended to increase with the increasing levels of AFB 1 in the diet (Table 4 ). The only significant difference at this stage was in length of the duodenum in birds under high AFB 1 (P = 0.042) compared with that in the birds fed the control diet. During wk 4 of exposure, the high AFB 1 diet resulted in lower unit weight of the duodenum (P = 0.004) and jejunum (P = 0.014) and greater length of these segments (P ≤ 0.003) compared with the control. Similar trends were noted in the duodenum and jejunum of birds under the low AFB 1 diet. The jejunum in particular was 20.6% less dense and 18.8% longer under the low AFB 1 diet compared with the control diet, but these differences were not significant (P = 0.059 and 0.053, respectively). Effects of increasing dietary levels of AFB 1 on measurements regarding the duodenum and jejunum in wk 4 of exposure were found to be predominantly linear (P ≤ 0.013).
Relative unit weight of the whole intestine has previously been reported to decrease with AFB 1 contamina- 3 Body weight of chicks at 7 d of age was 93.1 ± 1.5, 92.5 ± 1.5, and 94.9 ± 2.2 g (mean ± SE) under control, low AFB 1 , and high AFB 1 diets, respectively (P = 0.594).
4 Two birds died under the high AFB 1 diet during wk 4 of exposure. tion of broiler diets at the levels of 0.02 mg/kg (Kana et al., 2010) . The diet-induced changes in unit weight of intestinal tissues have been taken previously as an indirect indicator of absorptive surface (Palo et al., 1995; Kana et al., 2010) . The AFB 1 -induced decrease in the relative unit weight of the duodenum and jejunum in the present experiment may thus indicate decreased absorptive surface in these segments of intestine. However, no effects of dietary treatments could be noted on basal EP variables during 40 min of incubation of jejunal epithelia in Ussing chambers (data not presented). Furthermore, the amiloride-sensitive EP variables were statistically similar among the jejunal epithelium of birds under different dietary treatments (Table 5) . Among the basal EP variables of intestinal tissues, the short circuit current is a good indicator of steady state of ion flow across epithelia. A change in this variable would represent net difference in cation and anion fluxes. The transmural potential difference and tissue resistance of epithelia represent the opening of tight junctions and the transepithelial resistance, which are indicators of epithelial integrity. In the present experiment, all the basal EP variables tended to be lower under the high AFB 1 treatment. The amiloride-sensitive EP variables also followed a similar trend. However, no statistical significance could be established in any case. Previously, we reported that acute exposure to AFB 1 can induce apical anion secretion through cholinergic pathways or Ca ++ activated Cl − channels or both (Yunus et al., 2010) . Absence of significant effects on basal and amiloride-sensitive EP variables in the present study indicate that either the jejunal epithelium was able to adapt to the tested levels of AFB 1 or the tested levels were too low to note a significant effect.
In the present experiment, higher (P = 0.028) ether extract (fat) retention was noted under the high AFB 1 diet compared with the control (Table 6 ). This improvement in retention seems to be a result of the compensatory increase in the length of the duodenum and jejunum associated with the high AFB 1 diet. Though AFB 1 is generally believed to result in malabsorption of macronutrients, a review of relevant literature indicated that many reports contradict this notion. For instance, Nelson et al. (1982) did not find any effect of AFB 1 on DM, amino acid digestibility, and energy utilization in chickens. Similarly, Applegate et al. (2009) did not find any effect of 0.6, 1.2, and 2.5 mg of AFB 1 / kg of diet on digestibility of DM and N per hen per day; at 0.6 and 1.2 mg of AFB 1 /kg of diet, however, the apparent ME was found to be reduced. It should be noted that despite 50 yr of research on the effects of AFB 1 , literature on the effects of low levels of AFB 1 on digestibility of nutrients is scant. The experiments in which negative effects of AFB 1 were noted on digestibility of macronutrients were mostly conducted with levels of AFB 1 higher than 0.5 mg/kg of diet (Verma et al., 2002; Kermanshahi et al., 2007) . The latter authors in this regard found decreased digestibility of DM, organic matter, protein, Ca, and P but no change in the digestibility of fat when broilers were fed 0.8 and 1.2 mg of AFB 1 /kg of diet for 3 wk. At low levels of AFB 1 , some authors have reported improvements in the activity of digestive enzymes. Matur et al. (2010) in this regard found higher pancreatic amylase and chymotrypsin activity after exposure of Ross 308 birds to 0.1 mg of AFB 1 /kg of diet (from 427 to 457 d age). Though contradictory reports are available, Richardson and Hamilton (1987) noted improvements in the activity of pancreatic chymotrypsin, amylase, and lipase in layers fed levels of AFB 1 as high as 4 mg/kg of diet. Similarly, Applegate et al. (2009) noted a quadratic increase in the activity of intestinal maltase up to the AFB 1 doses of 1.2 mg/kg of diet. However, the activity of intestinal maltase decreased at 2.5 mg of AFB 1 /kg of diet. These changes were not found to affect digestibility and retention of DM and N. From these reports, it seems that the effect of AFB 1 on the gastrointestinal tract may be influenced by type of chicken and the length of exposure. Though not measured, a possibility of improvement exists in the pancreatic and intestinal enzymes related to fat and starch digestion in the present experiment. In such a case, compensation in the retention time of digesta (via increased length of the intestine) without any negative effect on ion transporters (EP variables) might result in improved fat digestibility.
Overall, present data indicate that bird performance at the tested AFB 1 levels may not be influenced by the mycotoxin in a biphasic manner. Furthermore, the intestine is highlighted as a dynamic organ that was able to adapt to a chronic AFB 1 challenge under the present experimental conditions. Further studies, however, are needed to unveil the underlying mechanisms. 
